Three types of wrappped nanoscale zero-valent iron (W-nZVI) with different coatings including agar, starch, and carboxyl methyl cellulose, were synthesized using a rheological phase reaction method.
INTRODUCTION
Trichloroethylene (TCE)-contaminated aqueous solution has received extensive attention in environmental issues because of the extensive use of TCE in industry and its resistance to both biotic and abiotic degradation under natural subsurface conditions (Scottorth & Robert ) . TCE is often categorized as dense non-aqueous phase liquid due to its low aqueous solubility and greater density than water. Once released into the subsurface environment, TCE would distribute between soil and water (Orphius & Tohren ) .
Remediation technologies of TCE contamination include physical, chemical, and microbiological methods.
Physical methods only transfer contaminants to another phase, which cannot completely remove the contaminants (Li et al. ) . The microbiological method has more difficulty in developing bacteria. Therefore, removal of TCE by chemical reduction has been a challenging task. Among various chemical technologies for TCE dechlorination, zerovalent iron (ZVI) particles appear to be one of the most promising technologies (Amira et al. ) .
Since the 1990s, ZVI has been used in environmental remediation. Researchers have paid attention to the performance and potential application of nanoscale ZVI (nZVI < 100 nm) (Hojeong et al. ) . The high remediation efficiency of nZVI is mainly attributed to its high specific surface area, high levels of surface defects, high density of reactive surface sites and greater intrinsic reactivity of surface sites, which make the nanoparticles very reactive in degradation of contaminants (Singh et al. ) . As a strong reductant, ZVI can effectively transform a wide variety of persistent organic and inorganic contaminants, such as chlorinated organic, nitroaromatic compounds, heavy metals, and organic dyes (Chen et al. , ; Liu et al. ; Huang et al. ) . Nowadays, nZVI has been frequently employed to achieve enhanced treatment of organic compounds (Welleyan et al. ) . However, the loss in reactivity (Alidokht et al. ) . To prevent nanoparticle agglomeration, various particle stabilizing approaches have been reported (Brijesh & Rajeev ; Jia & Wang ) . The stabilized nanoparticles exhibited markedly increased stability against aggregation, chemical reactivity, and soil transport.
In this work, to stabilize nZVI particles, wrappped nZVI (W-nZVI) was prepared using carboxyl methyl cellulose (CMC), agar or starch as surface modifier by rheological phase reaction method. The samples were characterized by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The effects of W-nZVI dosage, TCE initial concentration and solution pH value on TCE dechlorination were investigated. The reductive dechlorination of TCE was measured as a function of increasing chloride ion. . All the reagents were prepared with deionized water. Deionized water was used throughout this study. All solvents were degassed and saturated with N 2 before use.
MATERIALS AND METHODS

Chemicals
Preparation of W-nZVI
The wrapped ZVI nanoparticles were prepared in aqueous solution by reducing Fe (II) to Fe (0) using KBH 4 in the presence of CMC, agar or starch as a parcel agent. Briefly, FeSO 4 ·7H 2 O and KBH 4 were mixed by grinding in a molar ratio of 1:2. The solid mixture was then added to 0.06 g/mL CMC, agar or starch solution to obtain a rheological body, and the mixture was transferred into a three-necked round-bottom flask. The reaction was conducted under continuous stirring at room temperature. The resulting solid product was collected by filtration, washed with deionized water and ethanol, and finally dried under vacuum. The reaction involved was as fol-
Characterization of W-nZVI
The structure and morphology of W-nZVI particles were investigated by SEM on a high-resolution SEM (JEOL- The data obtained from the experiments were then used to calculate the dechlorination efficiency using Equation (1)
where C 0 and C t are the concentrations of chlorine atom concentration in solution at time t ¼ 0 and t ¼ t, respectively.
Kinetics study
It is known that the reductive dechlorination of TCE by ZVI follows pseudo-first-order kinetics as shown in the following equation (Meyer et al. ) :
where C is the aqueous contaminant concentration and k obs is the observed pseudo-first-order rate constant (h À1 ).
All experiments in this study were performed in triplicate to obtain reliable data, and the results presented here represent the mean values of three independent measurements ± standard deviations.
RESULTS AND DISCUSSION
SEM analysis SEM images of freshly synthesized W-nZVI are presented in 
TEM analysis
The distinct iron asthenospheres could be observed clearly from the TEM image of W-nZVI ( Figure 2 ). In 
Effect of W-nZVI dosage
To study the effect of dosage of W-nZVI on TCE dechlorination, five levels of sample dosages (0.3, 0.5, 0.7, 1.0, and 1.5 g/L) were initially tested with pH 5.0, TCE concentration of 10 mg/L and reaction time of 330 minutes.
As shown in Figure 5 , TCE dechlorination efficiency was increased when sample dosages increased within the tested range. This is because the higher the dosage, the more active sites on W-nZVI surface and the greater the surface area (Wang ). 
Effect of different initial TCE concentration
Effect of pH
To investigate whether the pH value could affect the TCE dechlorination, batch experiments were carried out at various values of pH from 1 to 11, with TCE initial concentrations of 10 mg/L and W-nZVI dosage of 0.5 g/L.
As shown in Figure 7 , TCE dechlorination efficiencies using agar-nZVI, CMC-nZVI, and starch-nZVI were affected by initial pH. At lower pH, a large amount of hydrogen is generated to form 'gas film' that inhibits the adsorption of TCE, and the nano-iron is con- where C is aqueous contaminant concentration, and K obs is observed pseudo-first-order rate constant (h À1 ).
It can be seen from Figure 8 that, for all types of nZVI samples, a good linear relationship was shown between ln (C/C 0 ) and time t, in which C and C 0 are the final and initial TCE concentrations, respectively.
It shows that the wrapping materials examined in this study increase the reaction rate constant (Table 1 ). The reaction rate constants (k obs ) of agar-nZVI, CMC-Nzvi, and starch-nZVI were 0.00332 min À1 , 0.00552 min À1 , and 0.00582 min À1 , respectively.
Reaction product of SEM and energy dispersive spectrometer Figure 9 shows the complete reaction product of SEM images. It can be seen that iron nanoparticles were in an accumulated state and the particles significantly became larger, and the oxide material was on the surface of Fe Table 2 lists energy dispersive spectrometer after complete reaction. It is mainly comprised of three elements C, O, and Fe, the main material on the surface was Fe and small amounts of iron oxides and hydroxides. The C element was on the one hand from the nZVI in contact with TCE degradation process, and on the other hand from the solution in contact with the CO 2 (Ren ). Table 2 shows the element analysis of W-nZVI after reaction, the weight percentage of oxygen and iron were large, indicating that the main substance after the reaction was iron oxide.
Recycling performance of W-nZVI after reaction
The product after the reaction could be easily separated by the permanent magnet for recovery, as shown in Figure 10 .
It shows that the product could be well recovered magnetically. The main substance after the reaction was iron oxide, which was weakly magnetic and easily adsorbed by permanent magnet. The proposed TCE dechlorination reactions mechanism
The dechlorination reactions occur at the iron surface and require excess electrons produced from the corrosion of the ZVI in water. Through this process, the target chemicals undergo sequential dechlorination steps, resulting in the formation of non-chlorinated hydrocarbon products. The degradation of TCE by W-nZVI is believed to take place via both reductive dechlorination and β-elimination. The reaction equations are as follows (Dirk & Ralf ) :
Recently, environmentally friendly and edible compounds such as agar, CMC, and starch are used for the preparation of high stability and dispersibility nZVI. They are macromolecular chemical substances, the molecule contains a considerable amount of carboxyl groups and a large number of hydroxyl groups, these groups may be among the nZVI and with adsorption itself (Cao ) . Owing to their amphiphilic nature, parcel agents are known to enhance the solubilization and mobilization of contaminants. As seen in Figures 1 and 2 , the smaller the particle size of NZVI, the greater the surface area of NZVI, leading to more opportunities for contact with TCE and thus a higher dechlorination rate (Xue et al. ) . 
